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The formation process of M2
1 molecular ions sputtered from elementary target materials is
investigated. In a previous article it was shown that these molecules can be used to quantitate
major elements [1]. The quantitation method was based on the assumption that the M2
1
molecular ions are formed by the atomic combination of independently sputtered M and M1
particles above the surface. In this paper this assumption will be investigated using a Monte
Carlo model to simulate the formation mechanism. The model is used to calculate the velocity
distribution of the M2
1 dimers sputtered from three different elementary target materials (Fe,
Ge, and Ni). The results are compared with experimental data. Good agreement exists between
theory and experiment that supports the Monte Carlo model and hence also the assumed
formation mechanism. (J Am Soc Mass Spectrom 1999, 10, 246–253) © 1999 American
Society for Mass Spectrometry
When solid materials are sputtered, a fraction ofthe secondary particles is ejected as mole-cules. The formation of these particles is a
complicated process depending on the nature of the
formed clusters. In this article, the formation process of
M2
1 molecular ions derived from elementary target
materials is investigated.
Under the assumption of a binary collision cascade,
sputtered dimers are formed by either of the following
two mechanisms [2]:
(1) an atomic combination mechanism in which the
constituent particles of the dimer are sputtered inde-
pendently and combine above the surface;
(2) a direct emission mechanism in which only one of
the constituent particles is set in motion to an outward
direction by the binary collision cascade. Under fulfill-
ment of certain energy considerations, coemission of the
second particle can occur, resulting in the sputtering of
a dimer.
It was shown by Oechsner [2] that the direct emis-
sion mechanism is only possible between particles with
a large mass difference. This can be explained using
some energy considerations. If atom A is set in motion
in an outward direction corresponding to an energy
Wlab, in the laboratory frame, its energy relative to a
next neighbor atom B, being at rest in the laboratory
frame, is given by
WCM 5 WlabMB/~MA 1 MB!
Coemission of the atom A is possible if WCM is smaller
than the binding energy of the cluster AB:
WCM , Wbind~ AB!
In order to have the emission of the cluster AB it is
necessary that Wlab is larger than the energy (U0) with
which the pair AB is bound to the solid surface:
Wlab . U0
Because Wbind and U0 are of the same magnitude,
coemission is only possible when MA .. MB. As a
consequence, it can be concluded that M2 molecular
ions are formed by the atomic combination mechanism.
For the formation of M2
1 molecular ions, two possibili-
ties remain: an atomic combination between two inde-
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pendently sputtered neutral M particles followed by
ionization of the formed cluster, or an atomic combina-
tion between independently sputtered M and M1 par-
ticles. In the first process, the ionization is treated as a
dimer process and in the second process the ionization
is considered to be a monoatomic process.
In this article a Monte Carlo model based on an
atomic combination mechanism between indepen-
dently sputtered M and M1 particles is presented to
calculate the velocity distributions of Fe2
1, Ni2
1, and Ge2
1
molecular ions sputtered from the respective pure sol-
ids. Good agreement with experimental data will be
taken to support the monoatomic ionization process.
The formation process of the well known MCs1 clusters
has been simulated using a similar Monte Carlo model
[3]. The application of such Monte Carlo procedures to
simulate cluster formation processes was first used by
Snowdon [4] who calculated the energy distributions of
some neutral clusters.
Description of the Model
The Monte Carlo simulation consists of three steps.
Figure 1 shows a schematic overview. In the first step
the sputtering of M and M1 particles is simulated.
Second, the energy condition for cluster formation
between the sputtered M and M1 particle is evaluated.
Finally, when this condition is fulfilled, the velocity of
the formed cluster is calculated. By repeating these
three steps several times, a velocity distribution for the
M2
1 molecular ions can be obtained which can be
compared with experiment. Before discussing some
results, the three steps will be explained in more detail.
Simulation of the Sputtering Process
The state of the sputtered particles M and M1 can be
defined by different parameters. These are (Figure 2)
the velocity (v), the length of the position vector relative
to the place of incidence (r), the azimuthal angle of the
position vector (wr), the polar angle of the emission
direction (u), the azimuthal angle of the emission direc-
tion (we) and the time of emission relative to the time of
incidence (t). If it can be assumed that all these param-
eters are uncorrelated (zero correlation), the sputtering
process can be simulated by using a random generator
to determine a value for each parameter according to its
own probability distribution. Before presenting the
used probability distributions of the different parame-
ters, the assumption of zero correlation will be investi-
gated.
Zero correlation. The assumption of zero correlation is
investigated using the TRIM96 program (Ziegler et al.)
[5], which simulates the sputtering process and calcu-
lates the state of the sputtered particles. Two main types
of correlation can be distinguished and we define them
as
(1) intrinsic correlation: correlation between the dif-
ferent parameters of one sputtered particle (e.g., if r is
large, E will be small);
(2) extrinsic correlation: correlation between param-
eters of different sputtered particles (e.g., if the energy
of the first particle is large, the energy of the second
particle will be large, too).
The TRIM96 program was used to investigate both
types of correlations. The state of the sputtered particles
of a pure silicon sample, bombarded with a 5.5 keV
perpendicular incident primary Cs1 beam, was calcu-
lated for 100,000 primary ions. For each sputtered
particle, the following information was registered:
1. the number of the primary ion causing the ejection;
2. the atomic number of the sputtered particle (only
important for multi-component materials);
3. the energy (E0) of the sputtered particle before
passing the surface barrier;
4. the place of emission relative to the place of inci-
dence of the primary ion. The position is given in
cartesian coordinates (x, y, z) were the x direction
represents the depth;
5. the emission direction of the particle before passing
the surface barrier (cos x, cos y, cos z).
Figure 1. Schematic overview of the Monte Carlo model.
Figure 2. Parameters used to define the state of the sputtered
particles.
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After taking into account the effect of a planar surface
barrier [6], the results of the TRIM96 program are
transformed to the coordinates defined in Figure 2:
(1) E 5 E0 2 Es,
(2) r 5 =y2 1 z2,
(3) wr 5 sgn (z) arccos (y/=y2 1z2),
~4! u 5 arcsin Î E0E0 2 Es ~1 2 cos2 x,
(5) we 5 sgn (cos z) arccos (cos y/=cos2 y 1 cos2 z)
with Es the surface binding energy. In the present
calculations this value was taken to be equal to the heat
of sublimation (4.7 eV) [7]. Using these parameters, both
types of correlation are investigated. The investigation
is restricted to particles sputtered in the energy interval
(0 –130 eV). This corresponds to the experimental
energy interval of the CAMECA ims5f used in this
work. Because the program is not able to calculate the
time variable during the simulation, only the correla-
tions for the parameters r, wr, E, u and we are investi-
gated.
INTRINSIC CORRELATION. Intrinsic correlation is as-
sessed by investigating the influence of one parameter
on the distribution of another, e.g., E is independent of
r if H(E, a , r , b) 5 H(E). H(E) is the total energy
distribution and H(E, a , r , b) is the distribution of
the energies of the sputtered particles corresponding to
an r value in the random interval [a, b]. In order to
investigate the correlations between the parameters E,
r, wr, u, fe, all possible combinations (10) have to be
investigated.
Figure 3a and b show some results. In Figure 3a, the
calculated energy distributions for particles sputtered
from three different r intervals are shown together with
the total energy distribution. It could be supposed that
the energy of the sputtered particles is decreasing with
an increasing distance from the point of impact of the
primary ion. However, as can be seen, only a negligible
influence of r on E can be established. In Figure 3b, the
total energy distribution is shown together with energy
distributions of the particles sputtered with a specified
polar angle of the emission direction (u). Again, a
negligible influence can be observed. This means that
the distributions of the polar angle of the emission
direction and the energy are decoupled. This same
observation could also be found for all other combina-
tions. As a consequence, no intrinsic correlation is
present.
EXTRINSIC CORRELATION. Because cluster formation
only occurs between particles sputtered by the same
incident primary ion, extrinsic correlations are only
investigated between such particles. An extrinsic corre-
lation between particles sputtered by different incident
primary ions are also not expected. Furthermore, the
extrinsic correlation is investigated statistically for an
obvious series of parameter combinations. Only the
correlations between the identical parameters are inves-
tigated. This is done as follows.
The variance for each parameter (P) was calculated
for each group of particles sputtered by the same
incident primary ion i: VAR(P, i). After separating the
situations where 2, 3, 4, 5 or 6 particles are sputtered per
incident ion, a mean standard variation is calculated for
each situation:
sk~P! 5 ÎO
i
VAR ~P, i!//nk
with ¥i a sum over all the incident ions where k
particles are sputtered (k 5 2, 3, 4, 5 or 6) and nk the
total number of such ions. The presence of an extrinsic
correlation can be verified by comparing this calculated
value with the standard variation of the total distribu-
Figure 3. (a) Energy distributions, calculated with the TRIM96 program, of the Si particles sputtered
from three different r intervals, together with the total energy distribution [0, rmax]. (b) Energy
distributions, calculated with the TRIM96 program, of the Si particles sputtered from three different
u intervals, together with the total energy distribution [0, p/2].
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tion, sT(P). For instance, when the energy of the
sputtered particles originating from the same incident
primary ion are always almost the same (correlated),
the mean standard deviation sk(E) will be smaller than
sT(E) [resulting from a random choice of energies
according to the total energy distribution (uncorre-
lated)]. It can be stated that when sk(P) is equal to
sT(P), no extrinsic correlation is present for the consid-
ered parameter.
Table 1 shows an overview of the calculations. As
can be observed, only for the parameters r and wr is an
important extrinsic correlation present. For all other
parameters the extrinsic correlation can be neglected for
all groups of sputtered particles: k 5 2, 3, 4, 5 and 6.
Despite the observed correlation for r and fr, the zero
correlation will be assumed to simulate the sputtering
process. Afterwards it will be shown that introducing
some extrinsic correlation for r and fr has no influence
on the shape of the calculated velocity spectra.
Probability distributions used. The following probability
distributions for the parameters defining the state of the
sputtered particles were used:
(1) For the ejection time distribution, an equal prob-
ability function in the interval [0, tmax] is assumed, with
tmax in the time interval for slow collision sputtering [8].
(2) For the length of the position vector of emission,
a Gaussian distributed function defined by the factor s
is assumed: P(r , r0 , r 1 dr) } r exp (2r
2/2s2)dr.
The parameter s was estimated using the TRIM pro-
gram and defines the width of the distribution.
(3) For the azimuthal angle of the position and
velocity vector, an equal probability function in the
interval [0, 2p] is assumed. This corresponds to the one
expected for a perpendicular incident primary ion beam
on an amorphous target.
(4) The velocity distribution of the M1 particles was
obtained experimentally by transforming the measured
energy distribution using the following relation: fv(v) }
fE(E)v.
(5) The velocity of the neutral M particles was
assumed to be distributed according to the well known
Sigmund–Thompson relation [9, 10]:
P~v , vM , v 1 dv!}
v3
@~1/ 2!mv2 1 Es#
3 dv
with Es the surface binding energy of the atom M in the
sample and m the mass of the neutral particle.
(6) The polar angular distribution of the velocity
vector was based on the angular part of the Sigmund-
Thompson relation [9, 10]. This cosine distribution is
further transformed for all solid angles with the parti-
cular polar angle: P(u , ui , u 1 du) } cos u sin u du.
Evaluation of the Cluster Formation Conditions
In a second step of the program, the energy conditions
for cluster formation between the sputtered M and M1
particles are investigated. This is done using the follow-
ing proposed interaction potential between the particles
M and M1:
U~r! 5 A z r212 2 B z r26 2 C z r24 1 D z r22
with
A 5 ~Ca0
8/3! 1 ~Ba0
6/ 2!
B 5 1.5aMaM1~IPM z IPM1!/~IPM 1 IPM1!
C 5 0.5aMe
2
D 5 L2/ 2m
Term A is chosen such that the interaction potential for
the stationary particles (D 5 0) has its minimum for
r 5 a0, with a0 the sum of the radii of M and M
1. Term
B is the London’s formula for the Van der Waals term
[11]. Here, aM and aM1 are the polarizabilities of,
respectively, the M and M1 particle. IPM and IPM1 are
the respective ionization potentials. Term C is the
contribution of the ion induced dipole interaction [12].
Finally, term D takes the rotational effects of the cluster
into account which are defined by the angular moment
L of the cluster:
L 5 mr 3 ~v2 2 v1!
with m the reduced mass of the cluster, r the relative
position vector between the two sputtered particles,
and v1, v2 the velocity vectors of, respectively, the first
and second sputtered particle. It can be observed that
the interaction potential is defined at the moment that
the second particle is sputtered. At that moment, L is
defined. In order to simplify the evaluation of cluster
formation, it is assumed that the formation process is an
elastic process. Formation is then only possible if there
exists a R . r0 such that
U~r0! 1
1
2
mr˙0
2 , U~R!
with r0 the separation between the two particles at the
moment that the second particle is sputtered. The
second term is the radial relative kinetic energy be-
tween the two particles.
Table 1. Mean standard variation of the parameters E, u, we, r
and wr, calculated using the TRIM96 program. The values are
calculated separately for the situations where 2, 3, 4, 5, and 6
particles are sputtered per incident ion and are compared with
the total standard variation
k sk(E) sk(u) sk(we) sk(r) sk(wr)
2 19.05 0.30 1.81 6.15 1.29
3 20.50 0.32 1.81 6.92 1.33
4 21.86 0.33 1.81 7.59 1.36
5 22.56 0.33 1.82 8.11 1.4
6 22.05 0.33 1.81 9.24 1.42
sT 21.66 0.33 1.81 12.27 1.81
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Calculation of the Cluster Velocity. Finally, in the third
step of the program, the resulting velocity of the dimer
is calculated if the cluster formation conditions are
fulfilled. This is done using the center of mass:
v~M2
1! 5 @v~M! 1 v~M1!#/ 2,
with v(M) the velocity of the neutral M particle and
v(M1) the velocity of the M1 ion.
Experimental
All experiments were performed on a CAMECA ims5f
instrument. Ar1 primary ions were accelerated to 10
keV and were raster scanned across an area of 250 by
250 mm. The sample potential was set to 4.5 kV,
resulting in an impact angle of 42°. In order to obtain
high resolution energy profiles, some hardware modi-
fications were carried out to make it possible to change
the sample offset in steps of 0.5 V. In combination with
the use of a contrast aperture of 50 mm, a transfer lens
of 250 mm and an energy slit of 1 eV, energy profiles
with a resolution less than 2 eV could be measured.
Crater edge effects were eliminated by using a field
aperture of 750 mm.
The exact energy profiles are obtained after taking
into account the instrument transmission. Depending
on the energy of the sputtered particles, the contrast
aperture will transmit particles within a certain solid
angle. Based on the work of Castaing and Slodzian [13],
this solid angle is calculated to be proportional to
S~E!}sin2 F0.5 arcsin S d/24gDÎE/VDG
with d the diameter of the contrast aperture, D the
distance between sample and extraction plate, g the
magnification factor of the transfer optics of the instru-
ment, V the extraction potential, and E the secondary
ion emission energy. The corrected energy distribution
can be obtained by dividing the measured spectrum by
this solid angle function.
In order to obtain a velocity distribution, the cor-
rected energy distribution is transformed using the
relation fv(v) } fE(E).v. Statistical fluctuations are elim-
inated by using a fitting procedure according to the
least square method.
Finally, it has to be remarked that it was calculated
that the electric field, induced by the sample potential,
has a negligible influence on the atomic combination
process.
Results and Discussion
In a first attempt, the Monte Carlo program was used to
calculate the velocity distribution of the Fe2
1 molecular
ions sputtered from a pure Fe solid. Figure 4 shows a
calculated velocity distribution of the Fe2
1 clusters to-
gether with those of the sputtered Fe1 and Fe parti-
cles. The parameters used for the calculation are
given in Table 2. The parameter a0 is approximated by
two times the orbital radii of the neutral particle [14].
The polarizability of the M1 ion was taken to be equal
to that of the neutral particle. The parameter s was
estimated using the TRIM96 program and the surface
binding energy was taken from literature [15]. The
value of the parameter tmax will be explained later.
Notice that the experimental input to the program is
given by the velocity distribution of the Fe1 ions.
Before comparing the calculated velocity distribution
with experiment, the influence of the different pa-
rameters will be discussed.
Influence of the Parameters: s, a0, and aM1
In order to investigate the influence of the parameters s,
a0 and aM1, the velocity spectrum of the Fe2
1 ions was
calculated for different values for each of these para-
meters while keeping the rest of the parameters con-
stant. Three different s values were used: s 5 5, 15, and
25 Å. The parameter a0 was increased and decreased by
0.25 Å and the parameter aM1 was changed from 0 to
the value of the polarizability of the neutral particle,
which is an upper limit for aM1. It could be observed
Figure 4. Calculated velocity distribution of the Fe2
1 molecular
ions sputtered from a pure Fe sample together with the velocity
distributions of the sputtered Fe1 and Fe particles. The parameters
used in the calculation are given in Table 2.
Table 2. Parameters used for the Monte Carlo calculation of
the velocity distribution of the Fe2
1 molecular ions sputtered
from a pure iron sample
Parameter Value Reference
a0 [Å] 2.454 [15]
s [Å] 15 —
IPM [eV] 7.87 [8]
IPM1 [eV] 16.18 [8]
aM [Å
3] 8.4 [8]
aM1 [Å
3] 8.4 —
Es [eV] 4.3 [16]
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that all these changes have a negligible influence on the
shape of the calculated velocity spectra, although a
significant influence on the yield of the formed dimers
could be observed. This is, however, beyond the scope
of this article and will be discussed elsewhere. As a
direct result of this observation, it can be concluded that
an extrinsic correlation of the parameters r and fr
does not influence the shape of the calculated velocity
spectrum since introducing a correlation between
these parameters has the same effect as changing the
parameter s.
Influence of the Parameter tmax
The ejection time distribution, defined by the parameter
tmax, is used to calculate the time difference between the
two ejected particles. The larger tmax, the larger the
possible time difference between the two ejected parti-
cles. As with the previous parameters, the parameter
tmax was changed while keeping the rest of the para-
meters constant. Three different values were used:
tmax 5 0, 50, and 200 fs. All values are in the interval of
the slow collision process. As can be seen from Figure 5,
the shape of the calculated spectra for tmax 5 0 fs is
almost identical to the one for tmax 5 50 fs. When tmax is
increased to 200 fs, it can be observed that the width of
the spectrum decreases and that the peak shows a small
shift to lower energies. This can be understood intu-
itively. Consider that we have two neighboring parti-
cles sputtered at the same moment (tmax 5 0). Because
they are still neighbors at the moment of the sputtering,
a high formation probability can be expected. However,
when tmax becomes large, the mean time between the
two sputter events will increase. As a consequence, the
first sputtered particle might have travelled a large
distance before the second particle is sputtered. This
increases the separation between the two particles and
reduces the formation probability. Because this effect
will be more pronounced when the velocity of the first
particle is large, it can be expected that the formation
probability decreases more for particles with a high
velocity when tmax increases, which is in agreement
with the observed behavior.
As a consequence, the parameter tmax does influence
the shape of the calculated velocity distribution. How-
ever, in the present Monte Carlo model it will be
assumed that the parameter tmax is equal to or smaller
than 50 fs, so that the shape of the velocity distribution
becomes independent of tmax. This is similar to an
assumption that there is a time correlation between the
sputtered particles of the dimer. In order to make this
assumption plausible, the distributions of the initial
distance between the constituent dimer particles at the
sample surface was calculated for the three values of
tmax. The results are shown in Figure 6. It can be
observed that when tmax increases, the width of the
distribution becomes slightly larger. This can be under-
stood by the fact that when two initially far-separated
particles are sputtered, the first sputtered particle can
approach the second one before this one is sputtered if
tmax is large. As a consequence, cluster formation be-
tween such particles becomes more probable for large
tmax values. However, it can be calculated from the
distributions in Figure 6 that even for tmax 5 200 fs,
more than 90% of the constituent particles of the formed
dimers were initially first or second neighbor atoms at
the surface. As a consequence, these particles are pro-
bably originating from the same sputter cascade which
might result in small time differences between the
sputter events.
Influence of the Parameter Es
Finally, the Fe2
1 velocity spectrum was calculated for
different Es values, Es 5 2, 4.3, and 8 eV, while keep-
ing the other parameters constant. Figure 7 shows the
results of these calculations. It can be observed that with
Figure 5. Calculated velocity distributions of the Fe2
1 molecular
ions sputtered from a pure Fe sample for different values of tmax:
tmax 5 0, 50, and 200 fs. The other parameters are the same as
given in Table 2.
Figure 6. Initial distance between the dimer particles at the
sample surface, calculated for three values of tmax: tmax 5 0, 50,
and 200 fs.
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increasing Es, the width of the calculated spectra in-
creases and the peak shifts to higher energies. This is
caused by the velocity distribution of the neutral Fe
particles which changes in a similar way when increas-
ing the surface binding energy.
Because in the present model the other parameters
do not influence the shape of the calculated velocity
spectra, the surface binding energy is the only critical
parameter. As a consequence, the surface binding
energy can be used as a fitting parameter in order to
obtain the best agreement between experiment and
theory. As can be observed from Figure 8, a good
agreement between experiment and theory is obtained
for the Fe2
1 dimers, when using a surface binding
energy of 4.7 eV. Both the peak position and the width
of the calculated spectrum correspond well with the
experimental data. Because the fitted Es value is also in
good agreement with the surface binding energy pub-
lished in literature (4.3 eV [15]), the formation mecha-
nism can be supported.
A similar treatment was also applied for the Ni2
1 and
Ge2
1 velocity spectra sputtered from the respective pure
solids. The parameter tmax was chosen to be equal to 50
fs. A good agreement between the experimental and
calculated velocity distribution of the Ni2
1 molecular
ions was found, when using a surface binding energy of
4 eV (Figure 9). For the Ge2
1 molecular ions, a value of
7 eV had to be used (Figure 10). Because these surface
binding energies are also in good correspondence to
these reported in literature (4.4 eV for Ni [16] and 7.6 eV
for Ge [9]), the proposed formation mechanism could
again be supported.
Figure 7. Calculated velocity distributions of the Fe2
1 molecular
ions sputtered from a pure Fe sample. The calculations were done
for three different values of Es: Es 5 2, 4.3, and 8 eV. The other
parameters are the same as given in Table 2.
Figure 8. Measured and calculated velocity distribution of the
Fe2
1 molecular ions sputtered from a pure Fe sample. The calcu-
lation was performed using a surface binding energy of 4.7 eV; the
other parameters are as given in Table 2.
Figure 9. Measured and calculated velocity distribution of the
Ni2
1 molecular ions sputtered from a pure Ni sample. The calcu-
lation was performed using a surface binding energy of 4 eV and
the parameter tmax was set to 50 fs.
Figure 10. Measured and calculated velocity distribution of the
Ge2
1 molecular ions sputtered from a pure Ge sample. The
calculation was performed using a surface binding energy of 7 eV
and the parameter tmax was set to 50 fs.
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